The Columbia River fl ood basalt province, United States, is likely the most wellstudied, radiometrically well-dated large igneous province on Earth. Compared with older, more-altered basalt in fl ood basalt provinces elsewhere, the Columbia River Basalt Group presents an opportunity for precise, accurate ages, and the opportunity to study relationships of volcanism with climatic excursions. We critically assess the available 40 Ar/ 39 Ar data for the Columbia River Basalt Group, along with K-Ar data, to establish an up-to-date picture of the timing of emplacement of the major formations that compose the lava stratigraphy. Combining robust Ar-Ar data with fi eld
INTRODUCTION
The Columbia River continental fl ood basalt province ( Fig. 1) , with lavas stratigraphically defi ned as the Columbia River Basalt Group (Swanson et al., 1979 , and references therein; Tolan et al., 1989) , constitutes the mafi c part of Earth's youngest large igneous province. Basalt volcanism is generally considered to have begun around 17 Ma in the latter part of the early Miocene, close in time to the earliest rhyolitic eruptions associated with the Snake River Plain hotspot track at ca. 16.5 Ma (e.g., Rytuba and McKee, 1984; Swisher, 1992) . Some workers have proposed a plate-tectonic origin for the province involving the passive rise of shallow mantle (e.g., Carlson and Hart, 1987; Smith, 1992; Hales et al., 2005; Tikoff et al., 2008) , but others have embraced a deep-mantle origin associated with active rise of the Yellowstone mantle plume (e.g., Duncan, 1982; Goles, 1988, 1995; Draper, 1991; Hooper and Hawkesworth, 1993; Geist and Richards, 1993; Camp, 1995; Dodson et Hooper et al., 2002 Hooper et al., , 2007 Camp et al., 2003; Camp and Ross, 2004; Camp and Hanan, 2008; Wolff et al., 2008; Camp et al., this volume) . Large igneous provinces and their extrusive components, fl ood basalt lavas, represent exceptional volcanic events (Eldholm and Coffi n, 2000) . It has been recognized for over 20 years that highly voluminous fl ood basalt provinces worldwide had peak periods of lava output (Rampino and Stothers, 1988) emplaced within geologically short periods of time (typically ~<1 m.y.; e.g., Courtillot et al., 1986; Duncan and Pyle, 1988; Chenet et al., 2008 Chenet et al., , 2009 Reichow et al., 2009) . This signifi es a considerable potential for atmospheric loading by volcanic gases and for inundating landscapes with vast volumes of basalt lava. Such events have been linked to mass extinctions (e.g., Wignall, 2001; Courtillot and Renne, 2003; Saunders and Reichow, 2009 ) and near-surface arrival/emplacement of mantle plumes (e.g., , and references therein).
The Columbia River Basalt Group is estimated to have a total volume of 210,000 km 3 and an areal extent of 208,000 km 2 (Reidel et al., this volume) . Columbia River Basalt Group lavas are the product of the most voluminous outpouring of basalt lava within the Columbia River-Snake River-Yellowstone province. However, the basalt-dominated part of the province is an order of magnitude smaller in volume than many other large igneous provinces, such as the Deccan basalts (~1.3 × 10 6 km 3 ; Jay and Widdowson, 2008) . Conversely, it appears that volumes of lava emplaced during individual Columbia River Basalt Group eruptions are as large as those reported from other provinces Reidel, 2005; Self et al., 2006; Reidel and Tolan, this volume) . The environmental impact of Columbia River Basalt Group eruptions, or groups of eruptions, is uncertain. One motivation for detailed age constraints is to enable comparison between the timing of the eruptions, including periods of high time-averaged magma output, and any mid-Miocene climatic or biotic perturbations (e.g., Kender et al., 2009) . In addition, it may be possible to obtain a better understanding of the absolute age of the Columbia River Basalt Group lavas and the relationship to rhyolitic "pre-Yellowstone" volcanism in the Oregon-NevadaIdaho region.
This paper presents a compilation of K-Ar and Ar-Ar age determinations for the Columbia River Basalt Group and some related units. It discusses some of the past and present issues with defi ning the longevity and pulse-like nature of the basaltic volcanism. It examines what is known about correlation with the paleomagnetic time scale for lava units with determined paleopolarity, and proposes directions for future work in improving the understanding of Columbia River Basalt Group geochronology.
NOMENCLATURE AND PREVIOUS GEOCHRONOLOGICAL WORK ON THE COLUMBIA RIVER BASALT GROUP

In the previous Geological Society of America Special Paper 239 on Volcanism and Tectonism in the Columbia River
Basalt Province , the Columbia River Basalt Group was considered to consist of lavas from the Imnaha Basalt and the Grande Ronde Basalt, Wanapum Basalt, and Saddle Mountains Basalt of the Yakima Basalt Subgroup. A few outlying lava sequences that erupted synchronously with the Grande Ronde Basalt, e.g., Picture Gorge Basalt, were also included in the Columbia River Basalt Group. Since that time, developments in mapping and new geochronological studies have led to suggestions that the Steens (Mountain) Basalt and the Basalt of Malheur Gorge, lying to the south of the main Columbia River Basalt Group outcrop area, should be included in the Columbia River Basalt Group (Hooper et al., 2002 (Hooper et al., , 2007 Camp et al., 2003; Camp and Ross, 2004) . A new defi nition and the status for the Steens Basalt within the Columbia River Basalt Group are explained in Camp et al. (this volume) . The basis for inclusion of the Steens Basalt within the Group are that there is a continuity of erupted magma types with shared isotopic end members (Camp and Hanan, 2008) , conformable contacts between the major formations, an apparent northwardshifting locus of eruption sites over time, and contemporaneity within the majority of these lavas (see Camp et al., this volume) . Reidel et al. (this volume) describe these updates and the current stratigraphic nomenclature of the Columbia River Basalt Group; Figure 2 provides a summary of the units for which we provide age dates.
The major subdivisions defi ned by previous workers have not changed with these latest revisions, except with the addition of the Steens Basalt as the earliest Columbia River Basalt Group eruptions (Camp et al., this volume) and the Prineville Basalt, which, like the Picture Gorge Basalt, is interbedded with the Grande Ronde Basalt (Reidel et al., this volume) . The principal changes to the nomenclature are those to the subdivisions of the formations. Reidel et al. (this volume) present these changes and the current stratigraphic nomenclature and the best current estimates of the spatial extent and volume of these fl ows. More detailed descriptions of some of the units are provided in other chapters in this volume: e.g., Camp et al. (this volume) describe the Steens Basalt; Reidel and Tolan (this volume) describe revisions to the nomenclature of the Grande Ronde Basalt since 1989 and Martin et al. (this volume) and Vye (2009) Ar technique (e.g., Evernden and James, 1964; Holmgren, 1970, and references therein; McKee et al., 1977) , placed the eruption of the whole province between ca. 17 and 6 Ma (for earlier compilations of age determinations, see also Swanson et al., 1979; Baksi, 1989; Tolan et al., 1989) . The overall picture has not changed radically since then. These studies recognized early on that a major eruptive pulse produced the Grande Ronde Basalt lavas, estimated to have been emplaced between ca. 16.0 and ca. 15.0 Ma (see also Long and Duncan, 1983; Baksi, 1989; Hooper et al., 2002) . Tolan et al. (1989) plotted volume of erupted lava versus time, showing how the Grande Ronde Basalt lavas dominate volumetrically. These studies also proposed that the bulk of the Columbia River Basalt Group lavas could have been erupted in a short period of time (<1-2 m.y.; Holmgren, 1970; McKee et al., 1977) , with the Grande Ronde Basalt pulse only occupying a brief span, conjectured to be ~400,000 yr , and unresolvable with standard geochronological approaches. Recent updates to volume estimates for the Columbia River Basalt Group do not alter this view, but they do clarify a single large peak (acme) of lava production, with slightly earlier peaks, or synchronous highoutput periods in different geographic areas.
More recent attempts at determining ages of Columbia River Basalt Group lavas using the 40 Ar/ 39 Ar scheme have been aimed at reducing the errors on the absolute ages (usually ±1.5-0.5 m.y. with K/Ar), so that the temporal inter-relationships between the contributing lava piles (e.g., Steens, Grande Ronde Basalt) can be better understood, and the main pulses of lava effusion can be more precisely defi ned (e.g., Brueseke et al., 2007; Baksi, 2010; Jarboe et al., 2008 Jarboe et al., , 2010 . However, efforts at error reduction in ages of some of the Columbia River Basalt Figure 2 . Summary of the revised stratigraphy of the Columbia River Basalt Group, presented in Reidel et al. (this volume) Group lavas have met with limited success , even though the results of that study underline the rapidity of emplacement of the Grande Ronde Basalt.
A REVIEW OF RADIOMETRIC AGE DATA FOR THE COLUMBIA RIVER BASALT
To present a comprehensive data set of all known radiometric age dates for the Columbia River Basalt units, we have compiled new (Appendix DR1 1 ; see also Camp et al., Ar dates have been standardized to the normalization value for Fish Canyon sanidine (Jourdan and Renne, 2007) Ar data and older K-Ar data have been recalculated to the K decay constant of Renne et al. (2010) .
Criteria for Selection of "Acceptable" Ages for Columbia River Basalt Units
Ages determined by either K-Ar or 40 Ar/ 39 Ar total fusion and incremental heating methods are susceptible to errors and large analytical uncertainties due to several factors, such as postcrystallization exchange of K and Ar with the local environment through low-temperature alteration; unsupported ("excess" or "inherited") 40 Ar that is trapped at the time of crystallization or through subsequent hydrothermal alteration; and reactor-induced 37 Ar and 39 Ar recoil from neutron irradiation. In order to evaluate all published and new age determinations for accuracy, and for the proposal of best estimates for the age and duration of each of the units within the Columbia River Basalt Group, we used the following selection criteria.
1. First, we assessed analytical reproducibility. There are a few instances where multiple ages have been determined for the same sample (e.g., PF7 from the Basalt of Sand Hollow, Frenchman Springs Member of the Wanapum Formation; see below), and the age has statistically good reproducibility. We view such reproducibility as strong evidence of a reliable age. Furthermore, we looked at individual sample analytical uncertainty (quoted as 1σ error in Tables 1-11) , placing less signifi cance on analyses that have high analytical uncertainty.
2. Second, but of equal importance, we examined ages relative to the stratigraphic position of the samples based on observed superposed sequences of lavas in exposed or cored sections.
3 Ar recoil, sample alteration, and atmospheric argon (e.g., Koppers et al., 2000 , and references therein). We avoided arbitrary "cutoff" values as a means of discrimination for reasons partly discussed in Barry et al. (2012) . All these factors may have variably caused a loss of precision (as demonstrated in the 1σ error data), but this procedure allows us to investigate potentially erroneous ages.
K-Ar ages can be evaluated using the fi rst two criteria only. Ar production. In addition to the previous criteria, we also considered fi eld relations and paleomagnetic data when making our fi nal recommendations of currently preferred ages for individual units.
RECOMMENDATIONS FOR AGE RANGES OF COLUMBIA RIVER BASALT FORMATIONS
Steens Basalt
The Steens Basalt is the oldest lithostratigraphic unit of the Columbia River Basalt Group and the second largest unit, with an estimated volume of 31,800 km 3 (Camp et al., this volume) . Although partly covered by younger Tertiary volcanic rocks, it is well exposed throughout southeastern Oregon, particularly along northerly trending fault scarps associated with Basin and Range extension that began in this region after ca. 12 Ma (Colgan et al., 2004) . The most complete section of Steens Basalt lies along the Steens Mountain escarpment, where an ~950 m section of the unit is exposed (Johnson et al., 1998) (Fig. 1) . This thick sequence of lavas was originally defi ned as the "Steens Mountain Basalt" by Fuller (1930 Fuller ( , 1931 , but then redefi ned as "Steens Basalt" by Mankinen et al. (1985) .
Paleomagnetic studies in the 1960s and 1970s described the lavas at Steens Mountain as a conformable lithostratigraphic unit with a paleomagnetic transition indicating a very short period of eruption, ranging from ~2000 to 50,000 yr (e.g., Baksi et al., 1967; Watkins, 1969; Gunn and Watkins, 1970) . Other workers have redefi ned these lavas as a petrochemical type, where chemically similar Steens and "Steens-type" lavas appear to have erupted sporadically over several million years (Hart and Carlson, 1985; Carlson and Hart, 1987; Brueseke et al., 2007) . Camp et al. (this volume) discuss the rationale for defi ning "Steens Basalt" more succinctly, in part by restoring the stratigraphic designation to its original usage. Here, we follow the intent of Article 22 of the Stratigraphic Code of North America, which discourages the establishment of formal stratigraphic units that straddle known, identifi able regional disconformities (Anonymous, 2005) . We therefore retain the term "Steens Basalt" of Mankinen et al. (1985) but restrict its lithostratigraphic usage to the conformable sequence of lavas typifi ed in the Steens Mountain stratigraphic section. This criterion eliminates Ar-Ar ages for lavas lying above unconformities that are described as Steens Basalt elsewhere, including sample MB97-2 (15.17 ± 0.36 Ma) in Brueseke et al. (2007) , and samples 00HS-6 and MB01-6A (15.97 ± 0.2 Ma and 14.35 ± 0.38 Ma, respectively) in Brueseke and Hart (2008) .
Using chemical criteria, Camp et al. (this volume) subdivided the Steens Basalt into two informal members, the lower and upper Steens Basalt, with the former extending across the breadth of the Steens outcrop region and the latter being less extensive but thickest in the area of Steens Mountain. A detailed record of paleomagnetic data has also allowed workers to subdivide the Steens Basalt into three magnetostratigraphic units that are best exposed at Steens Mountain, where an ~160-m-thick middle section of transitional polarity (T) separates lower lavas of reverse polarity (R 0 ) from upper lavas of normal polarity (N 0 ) (Baksi et al., 1967; Watkins, 1969; Gunn and Watkins, 1970; Mankinen et al., 1985; Jarboe et al., 2008 Jarboe et al., , 2010 .
The number of Ar-Ar ages for Steens Basalt (Tables 1 and  2 ; Appendix DR2) exceeds that of any other Columbia River Basalt Group unit. Despite this sizable analytical database, amassed from analyses made at different laboratories, the overall range of acceptable ages is reasonably constrained between ca. 16.9 and ca. 16.4 Ma. (The older date of 17.29 ± 0.81 Ma for sample KL049 [Hooper et al., 2002] is imprecise, and its inclusion does not signifi cantly affect the mean or duration of Steens Basalt activity.) While several of the Steens Basalt lavas with Grdmass-groundmass (also implies that it is the groundmass material devoid of any large phenocrysts); Plag sep-plagioclase separate; Sanidine-sanidine separate; Whole-rock (taken from the terminology presented in the source papers) implies that there has been no separation of phenocryst material. Recalc. age-all data has been recalculated with a decay constant of Renne et al. (2010) and standardized to the normalization value for Fish Canyon sanidine (Jourdan and Renne, 2007) ages younger than 16.5 Ma are analytically acceptable, others underlie either well-dated sanidine-bearing tuffs or other Steens Basalt lavas with ages ≥16.5 Ma (Henry et al., 2006; Jarboe et al., 2008 Jarboe et al., , 2010 . A precise estimate of the age and duration of Steens volcanism comes from integrating the large number of acceptable ages with paleomagnetic data. Jarboe et al. (2008 Jarboe et al. ( , 2010 used such combined data to correlate the age of the Steens reversal to the 16.72 Ma transition separating the C5Cr and C5C.3n chrons on the geomagnetic polarity time scale of Gradstein et al. (2004) (see below). The acceptable ages for Steens Basalt can be further constrained by the consistency of the Steens paleomagnetic and chemical stratigraphy across the Steens outcrop area (Camp et al., this volume) , which leads us to suggest that the most accurate age range for the entire Steens succession is between ca. 16.9 and 16.6 Ma.
Imnaha Basalt
The stratigraphic relationship between the Imnaha and Steens Basalts is best revealed in the Malheur Gorge area of east-central Oregon (Fig. 1) . Here, the Basalt of Malheur Gorge was subdivided by Hooper et al. (2002) Hooper et al. (2002) described the lower Pole Creek basalt as being chemically equivalent to lower Steens Basalt, the upper Pole Creek basalt as chemically equivalent to Imnaha Basalt, and the Birch Creek and Hunter Creek basalts as chemically equivalent to Grande Ronde Basalt, in correct stratigraphic order (Fig. 3) .
The upper Pole Creek basalt (Imnaha) appears to lie conformably above lower Pole Creek basalt (lower Steens Basalt) in the Malheur Gorge region. Thus, Imnaha Basalt is inferred to lie at the same stratigraphic level as upper Steens Basalt. Although lava fl ows from these units may well be interbedded south of the Malheur Gorge, the outcrops are too poor to verify this relationship.
The timing of Imnaha volcanism is diffi cult to constrain precisely. Many of the available age determinations have insuffi cient data reported to make a full assessment of reliability (Tables 3  and 4 Dalrymple and Lanphere (1969) , and that publications after that time used the decay constant of Steiger and Jäger (1977) . Data from pre-1969 publications were similarly recalculated using Dalrymple and Lanphere (1969) values, as they based their calculations on decay constant information presented in Aldrich and Wetherill (1958) . All data have been recalculated with a decay constant of Renne et al. (2010) . Data sources: 1- Baksi et al. (1967) ; 2- Fiebelkorn et al. (1982) , quoting Greene et al. (1972); 3-Fiebelkorn et al. (1982) , quoting Evernden and James (1964) . DB-25 (17.82 Ma; Duncan, 1983) , sample identifi ed as top of N 0 unit, Imnaha Basalt of Fig. 1a (17.61 Ma; Baksi and Farrar, 1990 ), MLC-2 (15.35 Ma; , and KL164 (17.07 Ma; Hooper et al., 2002 ) based on our understanding of Imnaha Basalt and its inferred stratigraphic positions (Fig. 4) .
The inferred conformable stratigraphic relationship between the lower Steens and Imnaha successions suggests that lowermost Imnaha Basalt is ca. 16.7 Ma in age. Discarding the ages that appear to be out of stratigraphic order, and the imprecise ages for KL319 and KL248 (Hooper et al., 2002) , we fi nd that the remaining data appear to be divided into an older group in the south and a younger group in the north. For example, an age of 16.92 ± 0.21 (Jarboe et al., 2010) was obtained from a lava at Squaw Butte in one of the southernmost outcrops of Imnaha Basalt in Idaho, and an age of 15.95 ± 0.31 Ma was obtained from a sample collected at the confl uence of the Grande Ronde and Snake Rivers, Washington, directly below the oldest Grande Ronde Basalt lavas (Table 3) . Such a geographic progression is consistent with an overall northward migration of Imnaha dike intrusion and volcanism with time (see also Camp and Ross, 2004 Ar ages in the Malheur Gorge and the apparent stratigraphic equivalency of the Imnaha and upper Steens lavas in that region (Fig. 3) suggest that the oldest Imnaha lavas erupted at ca. 16.7 Ma. The combined data lead us to conclude that the duration of Imnaha Basalt volcanism was ~700,000 yr, from ca. 16.7 Ma to 16 Ma. A ca. 16 Ma age for the last Imnaha fl ows would place the lavas in the C5Cn.1n (normal polarity) paleomagnetic chron (Fig. 4) . Although the Imnaha lavas in northeastern Oregon and southeastern Washington appear to have erupted during a single geomagnetic chron of normal polarity, the older ages for the more southern outcrops suggest that the entire 700,000 yr duration may correspond with as many as fi ve geomagnetic chrons on the geomagnetic time scale of Gradstein Fig. 4 ). In this case, two short reverse polarity chrons (C5Cn.2r and C5Cn.1r) have yet to be discovered in the Imnaha Basalt lavas.
Grande Ronde Basalt and Picture Gorge Basalt
Grande Ronde Basalt lavas are the products of the greatest volume of lava production in the Columbia River Basalt Group Reidel et al., 1989, this volume) . The Imnaha and Grande Ronde Basalt lavas are not known to be interbedded, but in the absence of any evidence for a signifi cant hiatus between the Imnaha Basalt and the Grande Ronde Basalt, it seems likely that Grande Ronde Basalt volcanism followed soon after the last Imnaha lavas.
The Grande Ronde Basalt is recognized to span at least four paleomagnetic zones and, on this basis, has been stratigraphically subdivided into R 1 , N 1 , R 2 , and N 2 units (where R indicates reversed and N indicates normal; Swanson et al., 1979; Reidel et al., 1989, this volume) . The earliest lavas have a transitional paleomagnetic signature , indicating that the fi rst Grande Ronde Basalt lavas were erupted during a polarity transition.
Published radiometric ages for Grande Ronde Basalt lavas are presented in Tables 5 and 6 . These data indicate that Grande Ronde Basalt volcanism began ca. 16 Ma. Although many samples have been analyzed from the R 1 succession, several analyses produce ages that appear to be stratigraphically out of order, either too old (KL-92-231 and KL-91-93; Lees, 1994) or too young (KL034; Hooper et al., 2002) , and they are therefore omitted from our estimates of unit ages and durations. Sample CRB05-030 , which produced an age of 15.59 ± 0.10 Ma, is from a dike of the Teepee Butte Member, Basalt of Joseph Creek. Field exposures indicate that the dike intrudes older R 1 lavas of Buckhorn Springs (Reidel and Tolan, 1992) . From this evidence, correlation with the Gradstein et al. (2004) polarity time scale, and the lack of evidence for clear stratigraphic relation between Grande Ronde Basalt and Imnaha units, we conclude that the onset of Grande Ronde Basalt activity occurred before 15.6 Ma at ca. 16 Ma. On the basis of the Ar dating evidence from Grande Ronde Basalts alone, we cannot rule out that volcanism may have started as early as 16.3 Ma. This appears to be at odds, however, with the known fi eld relations and dating evidence for the Imnaha Basalts. Assuming the younger date, the R 1 section of Grande Ronde Basalt would correlate with the long C5Br chron. The older onset would match the R 1 section with either of the short C5Cn.2r or C5Cn.1r chrons, and this would strongly support the likelihood that the base of the Grande Ronde Basalt could be diachronous, resulting in slightly different ages for Grande Ronde Basalt lavas sitting on Imnaha Basalt.
The cessation of Grande Ronde Basalt volcanism is equally diffi cult to date precisely. Ages for the N 2 Sentinel Bluffs Member, Basalt of Museum, range from 15.27 Ma to 15.89 ± 0.1 Ma (Duncan, 1982; Long and Duncan, 1983, respectively) . Although these are both from lavas at the top of the pile, there may still be Renne et al. (2010) and standardized to the normalization value for Fish Canyon sanidine (Jourdan and Renne, 2007) Gradstein et al. (2004) . The diagram demonstrates how diffi cult it is to interpret argon ages for a large igneous province, even when there is as much data as available for the Columbia River Basalt Group. Shaded areas show our recommended age ranges for the major formations of the Columbia River Basalt Group; some confi dence can be given to age of the base of units, but the ages of the tops of units are less certain. Lees (1994) , assuming that data are quoted as ccSTP × 10 -10
(cubic centiliters at standard temperature pressure x 10 -10
). § Error value amended from published value to value originally quoted in Lees (1994) , which stated that errors are given as 1σ.
on April 10, 2015 specialpapers.gsapubs.org Downloaded from questions about diachronism along this boundary. The younger of these ages is in good agreement with the youngest date of 15.28 ± 0.74 Ma (Lees, 1994) from the Basalt of Hunter Creek, Wapshilla Ridge Member, at the top of the Grande Ronde Basalt succession in the Malheur Gorge area. However, the Basalt of Hunter Creek is R 2 , rather than N 2 , and both dates are at odds with data for the overlying Wanapum Basalt (see following). Wanapum Basalt data suggest that Grande Ronde Basalt volcanism must have fi nished by ca. 15.6 Ma, if not before.
If we assume Grande Ronde Basalt volcanism started at ca. 16.0 Ma and ended at ca. 15.6 Ma, then the total duration for Grande Ronde Basalt volcanism would be ~0.4 m.y., consistent with the ~420,000 yr duration estimated by . Such an age range for the Grande Ronde Basalt presents an inconsistency with the current geomagnetic time scale. The available data suggest that Grande Ronde Basalt lavas most likely erupted within the geomagnetic chron C5Br (15.974-15.160 Ma; Gradstein et al., 2004) . However, this poses a problem for the signifi cance of the geomagnetic reversals recorded within the Grande Ronde Basalt; there appears to be a lack of short magnetic reversals during C5Br (e.g., Gradstein et al., 2004) . We have no solution to this dilemma at present, though we note that there has been a history of moving geomagnetic transitions if necessary to fi t with chronologic constraints (e.g., Steens reversal once thought to be 15.5 Ma when dated by K-Ar technique [Baksi et al., 1967] has since moved to 16.7 Ma following modern studies, with further calls to shift the geomagnetic reversals constraining the Grande Ronde Basalt succession [Baksi et al., this volume] ). Potential solutions to this mismatch may be (1) that the reversals measured in the Grande Ronde Basalt are merely short excursions within the long interval of reverse polarity; or (2) that rapid reversals C5Cn.2r to C5Cn.1n (currently dated from 16.453 Ma to 15.974 Ma; Gradstein et al., 2004) should all be younger than 16 Ma; or (3) that the groundmass ages determined for the Grande Ronde Basalt and Imnaha are too young by ~0.5 m.y.
The Picture Gorge Basalt of northern Oregon (Fig. 2) is a coeval unit with the middle of the Grande Ronde Basalt volcanism. Originally dated by K-Ar (Watkins and Baksi, 1974) , these lavas have received no modern treatment by 40 Ar/
39
Ar dating methods (Table 7) . Ages regarded as generally acceptable by Baksi (1989) 
Wanapum Basalt
The Wanapum Basalt is distinctive within the Columbia River Basalt Group stratigraphy in that it follows an apparently signifi cant time break, expressed in the fi eld in the western part of the province by the Vantage interbeds (Smith, 1988) . Although the Vantage sediments are not found everywhere between the underlying Grande Ronde Basalt and the Wanapum Basalt, they are extensive and locally up to 20 m in thickness. Also, several of the Wanapum lavas are coarsely feldspar-phyric, which helps with their recognition and correlation in the fi eld (Beeson et al., 1985) .
The basal Wanapum Basalt lavas are represented by the fairly locally distributed Eckler Mountain Member, confi ned to the central part of the province Reidel and Tolan, this volume Dalrymple and Lanphere (1969) , and that publications after that time used the decay constant of Steiger and Jäger (1977) . All data have been recalculated with a decay constant of Renne et al. (2010) . Data sources: 1- Fiebelkorn et al. (1982) , and references therein; 2- .
on April 10, 2015 specialpapers.gsapubs.org Downloaded from Note: Recalculated ages make the assumption that publications up to and including 1977 used the decay constant of Dalrymple and Lanphere (1969) . All data have been recalculated with the decay constant of Renne et al. (2010) . Data source: 1- Watkins and Baksi (1974) . Atm Ar (atmospheric argon) is presented instead of 40 Ar*/total Ar for the Picture Gorge data because only atmospheric argon data are available. Note: Sample DF1-(1) is marked with *. It appeared in the online electronic appendix of as part of a preliminary test of suitable material for dating the Grande Ronde Basalts. As such, it is here presented as a recalculated age, but it has never been discussed in any previous manuscript. Description of type of material: Grdmass-groundmass (also implies that it is the groundmass material devoid of any large phenocrysts). Recalc. age-all data have been recalculated with a decay constant of Renne et al. (2010) and standardized to the normalization value for Fish Canyon sanidine (Jourdan and Renne, 2007) . Data sources: 0-this study; 1- 2-Duncan (1982); 3-Reidel et al. (1989) .
on April 10, 2015 specialpapers.gsapubs.org Downloaded from the Frenchman Springs Member (Basalt of Ginkgo) provided ages between 16.20 Ma and 15.78 ± 0.05 Ma (Appendix DR1 and Duncan [1982] , respectively; excluding the single date of 12.48 ± 0.14 Ma [Appendix DR1], on grounds of it being stratigraphically out of place). Interestingly, though, this places the timing of Wanapum Basalt volcanism in confl ict with the end of Grande Ronde Basalt volcanism, unless both Grande Ronde Basalt and Wanapum volcanism were active at the same time, within potentially different parts of the large igneous province. This is not easy to reconcile with the presence of the intervening Vantage sediments and would require detailed mapping and dating along the contact to resolve. It is evident, though, that the hiatus between the end of Grande Ronde Basalt activity and the onset of Wanapum Basalt volcanism may have been brief, despite the presence of the Vantage sediments. We propose that the age of the base of the Wanapum Basalt is ca. 15.6 Ma, allowing time for the Grande Ronde Basalt to erupt after a start date of ca. 16 Ma, but within error of the youngest acceptable age for the lowest part of the Frenchman Springs Member, Basalt of Ginkgo (Tables 8 and 9 ).
The best estimate for the top of the Frenchman Springs Member comes from the dates of the Basalt of Sand Hollow below (14.76-15.27 ± 0.04 Ma; and Appendix DR1, respectively), and the Roza Member above (14.98 ± 0.06 Ma; Appendix DR1). These ages are unresolvable from each other and thus are coincidental with the best estimate for the age of the top of the Wanapum Basalt, at ca. 15 Ma. This is consistent with the age of the overlying Basalt of Rosalia, Priest Rapids Member, dated at 14.80-15.25 ± 0.01 Ma (Table 8) .
In summary, the age range for the Wanapum Basalt is from ca. 15.6 Ma to ca. <15 Ma, suggesting that the ~10 eruptions of the Wanapum Basalt occurred spasmodically for a little more than half a million years. The lava fl ow fi elds often have thin sediments between them (Beeson et al., 1985; Jolley et al., 2008) and weathering of fl ow tops beneath a contact, indicative of reasonably long average hiatuses between eruptions. Clearly, the Note: Recalculated ages make the assumption that publications up to and including 1977 used the decay constant of Dalrymple and Lanphere (1969) , and that publications after that time used the decay constant of Steiger and Jäger (1977) . Data from pre-1969 publications are similarly recalculated using Dalrymple and Lanphere (1969) values, as they based their calculations on decay constant information presented in Aldrich and Wetherill (1958) . All data have been recalculated with a decay constant of Renne et al. (2010) . Data sources: 1-dates given as reported, including the notation of "probable" age, as in U.S. Energy Research and Development Administration (1976); 2- Evernden and James (1964); 3-Krueger Enterprises Inc., Geochron Laboratory Division (1984, personal commun.) .
overlap with the Grande Ronde Basalt is problematic, and understanding may be advanced by more targeted dating programs in the future.
Saddle Mountains Basalt
Lavas of the Saddle Mountains Basalt are characteristically constrained by topography and form thick, channelized or dammed lavas with well-developed columnar jointing. Unlike other parts of the Columbia River Basalt Group stratigraphy, there is a bias in the age dating data set for the Saddle Mountains Basalt (Appendix DR2); there was an abundance of early K-Ar analyses on this late stage of the Columbia River Basalt Group stratigraphy (e.g., McKee et al., 1977) , but there has since been a paucity of modern The Saddle Mountains Basalt volcanism began shortly after the cessation of the underlying Wanapum Basalt. The Mabton sedimentary interbed occurs between the Wanapum and Saddle Mountain Basalts, but there is no evidence for an erosional unconformity. Given that Wanapum Basalt activity appears to have ended close to 15 Ma, we can be fairly confi dent that the Saddle Mountains lavas are younger than 15 Ma. The oldest date, a K-Ar age of 14.57 Ma (U.S. Energy Research and Development Administration, 1976) , comes from the Umatilla Member, supporting a short hiatus between the end of the Wanapum and the beginning of the Saddle Mountains volcanism. Basaltic activity seems to have persisted through to ca. 6 Ma (on the basis of Note: Description of type of material: Grdmass-groundmass (also implies that it is the groundmass material devoid of any large phenocrysts). Recalc. age-all data have been recalculated with a decay constant of Renne et al. (2010) and standardized to the normalization value for Fish Canyon sanidine (Jourdan and Renne, 2007) . Data sources:
0-this study; 1- 2-Duncan (1983) . Error ( 
Note:
Recalculated ages make the assumption that publications up to and including 1977 used the decay constant of Dalrymple and Lanphere (1969) , and that publications after that time used the decay constant of Steiger and Jäger (1977) . Data from pre-1969 publications are similarly recalculated using Dalrymple and Lanphere (1969) values, as they based their calculations on decay constant information presented in Aldrich and Wetherill (1958) .
All data have been recalculated with a decay constant of Renne et al. (2010) . Av-average, notation for average of more than one value. 
Final Recommendations
The recommendations are based on a nonbiased approach to examining, where possible, the raw isotope data, coupled with detailed knowledge of fi eld constraints and paleomagnetic data. This does not always lead to the most obvious suggestions, and in particular there are clear shortfalls in our recommendations, for example, the apparent overlap in timing between the end of the Grande Ronde Basalt volcanism and the start of the Wanapum Basalt, without supporting evidence for synchronicity of these two formations. Furthermore, individual dates are not always within stratigraphic order. For example, Basalt of Rosalia, Priest Rapids Member (15.07-15.25 ± 0.11 Ma) clearly stratigraphically overlies the Roza Member (14.98 ± 0.06 Ma). At fi rst glance, the age data might appear at odds with that relationship, but the age data are within the margins of analytical error and therefore valid (Table 8) . However, this has been a rigorous exercise to examine all the available radioisotope age data for the Columbia River Basalt Group, and our fi nal recommendations are presented in Figure 4 .
DISCUSSION
Volume versus Timing of Eruptions and Effusion Rates for the Columbia River Basalt Group
The thick succession of Steens Basalt (31,800 km 3 estimated total volume) erupted between ca. 16.9 Ma and ca. 16.6 Ma, with activity concentrated around 16.7 Ma (Table 1) . Using an alternative method to examining effusion rates, Camp et al. (this volume) were able to constrain the eruption of the bulk of the Steens Basalt to <50,000 yr, giving an average effusion rate of 0.67 km 3 /yr. They acknowledge the possibility that lingering eruptions of much smaller volume could extend the overall duration beyond this interval, but that it is unlikely to exceed ~300,000 yr.
The Imnaha Basalt appears to have erupted between 16.7 Ma and 16.0 Ma (Tables 3 and 4) . Current estimates for the volume of the Imnaha Basalt are 11,000 km 3 (Reidel et al., this volume) . Over a time span of 700,000 yr, this would suggest a time-averaged magma eruption rate of 0.016 km considerably in volume, but many were considerably greater than 1000 km 3 in size. As with all other parts of the stratigraphy, eruptive events would not have been equally spaced in time; some eruptions may have followed short periods of volcanic repose (possibly as low as months to several years), whereas others could have been considerably longer (many thousands to >10 4 yr). The volumes of the Wanapum and Saddle Mountains Basalts lava dramatically decline with time (Fig. 5, inset) . After the main pulse of the Grande Ronde Basalt, volcanism rapidly waned. Furthermore, volcanism shifted geographically toward the Snake River Plain and centralized silicic systems (e.g., Pierce et al., 2002 , and references therein).
The amount of lava erupted over the life span of the large igneous province has long been investigated using the best available age data versus volume estimates (Baksi, 1989; Hooper et al., 2002; Tolan et al., 1989) . A revised version of Figure 5 of Tolan et al. (1989) is shown as Figure 5 here, with the latest revisions adding detail to earlier attempts (shown with a log scale for volume). Little has changed from earlier attempts at estimating volume-time relationships, but additional details of mean magma eruption rates show how the initial start-up of the Steens Basalt and the highly voluminous Grande Ronde Basalt dominate the formation of the Columbia River Basalt Group.
Suggestions for Future Work
In compiling the available radiometric age data for the Columbia River Basalt Group, there were surprisingly few 40 Ar/ 39 Ar dates on the Saddle Mountains Basalt. It appears that much of the early interest (1970s and 1980s), when the most appropriate dating technique was K-Ar, concentrated on the episodic eruptions of the Saddle Mountain Basalt. Despite the continuing interest in the periodicity of large-scale eruptions, there has been little work on the youngest part of the Columbia River Basalt Group. As such, this waning phase of volcanism is poorly constrained, and much of the available data cannot be critically assessed for its quality (Table 8) . It would be interesting, for example, to examine the younger Saddle Mountain Basalt eruptions that occurred at a time of change from a dominantly basaltic system (the Columbia River Basalt Group) to a bimodal one (which presently manifests itself as the Yellowstone system).
Although modern 40 Ar/
39
Ar analyses can date to within 1% precision, there are few high-precision dates from the Columbia River Basalt Group units. A handful of analyses (e.g., Henry et al., 2006) have produced highly precise results, but on sanidines from intercalated tuffaceous units. One study examined different types of material from the Wanapum and Grande Ronde Basalts in an attempt to fi nd the type of material that gave the best analytical results for these crystal-poor basalts . Surprisingly, the study found that large basalt-hosted feldspar crystals yielded meaningless results. Yet, in the Ar dating of the Steens Basalt, good results have been obtained from analyzing feldspar crystals (e.g., Jarboe et al., 2008) . We speculate that complex feldspar antecrysts are more abundant in later lavas, and bring with them multiple phases of fl uid inclusions. These inclusions carry a budget of volatile concentrations, which appears from the data to complicate analyses of not just the host crystals but also nearby groundmass. To avoid such issues, it seems that material from intercalated silicic ash deposits, which may contain sanidine, would be a profi table target for future dating. Additionally, it seems worthwhile to undertake further detailed studies of the large antecrysts (e.g., Ramos et al., 2005 Ramos et al., , 2009 to better understand the origin and nature of these crystals. They clearly have much to tell us about the plumbing, accumulation, and storage of material prior to a fl ood basalt eruption.
There are a number of K-Ar ages for Picture Gorge Basalt (Baksi et al., 1991) , but there is an absence of Ar-Ar ages. Picture Gorge Basalt appears to be derived from the same magma source as Steens Basalt, both having identical mixing arrays with the same isotopic end members (Camp and Hanan, 2008 very good Ar-dating results obtained from the Steens feldspars (e.g., Jarboe et al., 2008) could be replicated with Picture Gorge feldspars. Since the Picture Gorge lavas are interbedded with Grande Ronde Basalt, a focused Ar-dating study on Picture Gorge Basalt could provide better age constraints on the Grande Ronde lavas.
Well-constrained geochronologic data coupled with the geomagnetic time scale should place constraints on the timing of reversals. There is clearly scope for improved studies of the Imnaha and Grande Ronde Basalt relating to the ways in which these units correlate with the geomagnetic time scale. Age constraints for Imnaha Basalt currently place it within a period of rapid reversals, where no reversals are currently recognized in the fi eld (Fig. 4) . In contrast, the dates for the Grande Ronde Basalt currently fall within a long reversed period, when the rock record shows four reversals (Fig. 4) . As has been done in the Steens succession (Jarboe et al., 2008) , the Imnaha and Grande Ronde Basalt need a focused, combined paleomagnetic and argon dating study to examine (1) whether reversals occur within the Imnaha and (2) whether the reversals noted in the Grande Ronde Basalt are merely excursions.
Given the complex geometry of eruption units, with abutting internal lobes and sheets, and scope for variable activity across a lava fi eld (e.g., Vye, 2009; Vye-Brown et al., 2013) , it seems highly likely that different units could be emplaced at the same time. The chances of diachroneity of units also seem highly plausible and could help explain some of the Ar dates; e.g., the uppermost part of the Imnaha could be much older in one place than another, and could have continued while Grande Ronde Basalt volcanism started elsewhere. To verify this, detailed fi eld and chronological studies would be needed, but they may help to elucidate some of the complexities in the relationships among the Steens Basalt, Imnaha Basalt, and Grande Ronde Basalt.
SUMMARY
From a detailed assessment of the available radioisotope data for the Columbia River Basalt Group, we compiled the most accurate and precise ages and propose the most valid dates for each of the formations, and some key units. Our recommendations are based on a critical analysis of all the available raw data. Using our stated criteria, we recommend that the overall age range for Steens Basalt is ca. 16.9-16.6 Ma, but that the greatest bulk of Steens Basalt may have erupted in <50,000 yr, concentrated at ca. 16.7 Ma, as demonstrated by paleomagnetic evidence on the estimated eruption rate of the Steens reversal (Camp et al., this volume (Reidel and Tolan, this volume) and do not represent a long hiatus between the voluminous Grande Ronde Basalt and the sporadic volcanism of the Wanapum Basalt. During the period of time in which the Wanapum Basalt erupted, the locus of activity shifted to the SE with the onset of Snake River Plain bimodal volcanism. Following the Wanapum Basalt volcanism, activity declined during the emplacement of the Saddle Mountains Basalt. Activity associated with the Columbia River Basalt Group ceased by 6 Ma. 
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